Low-order, incomplete detonations can deposit hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) into training range surface soils. In previous work, we showed that aqueous RDX could be rapidly biotransformed (4-day half-life) in water-saturated surface soil. However, biotransformation rates in the same soil at 0.15-bar soil moisture tension were significantly slower (28-day half-life). Here we report on the microbial community composition associated with the deposited RDX under the differing soil moisture tensions. Phospholipid fatty acid (PLFA) and terminal fragment length polymorphism (T-RFLP) profiles were used to quantify the in situ microbiota. The rapid biotransformation of RDX in the saturated soil was coincident with an endpoint microbial community containing firmicutes (36%), proteobacteria (54%), actinobacteria (8%), and bacteroidetes (1%). The unsaturated soil contained a greater number of genera (2.5 times that of the saturated soil) within similar phyla (19% firmicutes, 66% proteobacteria, 6% actinobacteria, 2% bacteroidetes, and 7% chlorobi). Significant differences between the two moisture contents occurred within the proteobacteria and firmicutes. A 37% gamma-class in unsaturated soil shifted to 56% alpha-and delta-classes in saturated soil. Total firmicutes increased from 19% unsaturated to 36% saturated. PLFA profiles extracted from saturated soil showed an increase in the relative abundance of only a few fatty acids (n16:0, n18:0, i15:0, a15:0, b16:1w7c, n18:1w9c, n18:1w7c, and cy19:0). However, these PLFAs are consistent with Gram-negative proteobacteria (n16:1w7c, n18:1w9c, and n18:1w7c) and firmicutes (i15:0 and a15:0). Based on these results, we hypothesize that the saturated soil led to the development of alpha/deltaproteobacteria and firmicute subpopulations and that these populations were primarily responsible for the observed biological transformation of RDX.
ILLUSTRATIONS

TABLES
Little is known about how microbial communities and/or populations evolve in the environment. It is becoming clear that microbes form organized groups, with each group performing a separate and often complementary activity. The community as a whole often has properties that supersede any of its individual members. The development of microbial communities in the presence of environmental pollutants is an active field of study. A considerable number of bacterial species that show the ability to degrade a multitude of pollutants have been isolated from numerous environments. However, no bacterial species exists in nature alone, so any examination of contaminant fate in the environment would benefit from the examination of the microbial community as a whole or as an aggregate sum of individual organized groups.
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) can pose a threat to human health. Although there are limited data on long-term effects from low-level exposures, acute exposure can result in seizures (ATSDR 1995) . RDX is soluble in water at 40 mg L -1 , and the organic carbon-normalized soil sorption coefficients (K oc ) range from 63 to 270, placing RDX in a classification as a medium-to highmobility compound (Price et al. 2001 , Spanggord et al. 1983 ). The threat of potential groundwater contamination persuaded the Environmental Protection Agency to close the Massachusetts Military Range to open detonations in 1998. Although closing a military base because of concerns over groundwater contamination may alleviate the potential impacts on human health, the closure also has a negative impact on military training and readiness. These opposing issues highlight the importance of developing a clear understanding of the fate of explosives in training facility soils.
RDX is susceptible to biodegradation by both bacteria and fungi (Speitel et al. 2001 , Stahl et al. 2001 . For bacteria, anaerobic degradation appears to be the preferential pathway, yet recent findings have demonstrated significant degradation under aerobic conditions Hawari 2000, Sheremata et al. 2001) . Although knowledge of biotic RDX degradation processes is growing, there are still many unknowns regarding the enzymatic pathways involved (Hawari 2000) .
In this study, we examined the response of a soil microbiota to the presence of RDX under differing soil water potentials. Our previous work demonstrated that RDX biodegradation proceeded at a rate seven times faster under watersaturated versus unsaturated conditions (Ringelberg et al. 2003 ). Here we show that the biotransformation of RDX was coincident with the evolution of a unique microbial community composition and that this community was enriched in individual bacteria containing specific or associated nitramine biodegradation capabilities.
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METHODS
Surface soil was collected at Ft. Greely, Alaska. Ft. Greely is located approximately 100 miles southeast of Fairbanks and 350 miles northeast of Anchorage. The soil was homogenized, passed through a 4.7-mm sieve, and completely air-dried at 45°C for 18 hours prior to use. Selected physico-chemo parameters of the soil were 58% sand, 35% silt, 7% clay, pH 6.7, organic matter 10.4% (on a dry weight basis), NO 3 -N 4 mg kg -1 , NH 4 -N 5 mg kg -1 , phosphorus 4 mg kg -1 , potassium 34 mg kg -1 , and Fe 0.25 mg kg -1 . Soil analyses were performed at the University of New Hampshire analytical services lab (Durham, NH).
Dry soils (5 g each) were pre-incubated in 40-mL vials in 1 mL of H 2 O (Milli-Q grade) at room temperature (21°C ± 2°C) for 48 hours to acclimate the system prior to RDX addition. Individual microcosms were then augmented with 2 or 25 mL of aqueous RDX (unsaturated and saturated, respectively). The final concentration of the added aqueous RDX was 10 mg L -1 . The saturated microcosms also received 100 µL of a 0.1% resazurin solution as a redox indicator. Control (attenuated) microcosms were established by autoclaving (120°C for 20 minutes) replicate unsaturated and saturated microcosms three times, with an 8-hour resting or growth period between sterilizations.
Following the RDX addition, the microcosms were incubated for 840 hours in the dark without agitation at room temperature (21°C ± 2°C). Three replicate vials were sacrificed at 0, 48, 168, 504, and 840 hours to obtain microbiological and contaminant chemistry data. The recovery and analysis of soluble and extractable RDX was as described in Ringelberg et al. (2003) . Briefly, solids were extracted in 10 mL of ACN with sonication for 18 hours at 20°C. Saturated microcosms were centrifuged for 20 minutes at 2000 rpm prior to extraction. ACN extracts, as well as the aqueous phase of the saturated microcosms, were then diluted and filtered (0.45-µm Millipore filter, Millex-FH, Bedford, MA) prior to analysis by HPLC. RDX and nitroso intermediates were quantified on a 15-cm × 3.9-cm (4-µm) Nova Pak C8 (Waters Millipore) column by elution in 1.5 mL min.
-1 of 15:85 isopropanol:H 2 O (v:v). Absorbance at 254 nm was recorded. Nitroso intermediates were confirmed by elution in 1.2 mL min.
-1 of 12:23:62 methanol-ACN-H 2 O off a 25-cm × 4.6-mm (5-µm) cyano (Supelco LC-CN) column.
Ester-linked polar lipid fatty acids (PLFA) were recovered and quantified as described in White and Ringelberg (1998) . Approximately 1-1.5 g of wet soil was extracted in 3.8 mL of methanol:chloroform:phosphate buffer (2:1:0. 8, v:v:v) . The total lipid extract was then fractionated using solid-phase column chromatography (Pinkart et al. 1998) . Polar lipids were then transesterified into methyl esters prior to separation and identification by gas chromatography/mass spectrometry. Individual PLFAs were quantified on a 30-m × 0.25-mm (0.25-µm) HP-5MS (Agilent) coupled to a 5973 mass selective detector (Agilent).
Terminal restriction length polymorphisms (T-RFLP) were analyzed as described by Gruntzig et al. (2002) . DNA was recovered with the UltraClean Soil DNA kit (MoBio Laboratories) per the manufacturer's directions. A portion of the 16S rDNA gene was amplified with primers 8F (FAM labeled) and 926R (HEX labeled). The PCR amplicon was cleaned using the QIAquick PCR purification kit (Qiagen) per the manufacturer's direction. The restriction enzymes MspI, RsaI, and HhaI (Promega) were used to digest approximately 150 ng of the purified PCR product. The digests were then desalted using the QIAquick Nucleotide Removal Kit (Qiagen) per the manufacturer's directions. Equal amounts of purified digest (~100 ng µL -1 ) were then run on a 310 Genetic Analyzer (ABI) equipped with a 45-cm capillary filled with POP-4 polymer. Samples were injected electrokinetically for 30 s at 15 kV. Peaks were sized against a MapMarker 1000 standard (Bioventures). Only the final time points (840 hours) were analyzed, and only fragments exceeding a fluorescent threshold of 100 and common to all three replicates were used for further analyses. Taxonomic identifications were obtained using the phylogenetic analysis tool (PAT) algorithm (http://trflp.limnology.wisc.edu) run against entries contained within the ribosomal database project (http://rdp.cme.msu.edu).
Analyses of variance (ANOVAs) were conducted on PLFA molar percentages using commercial software (Statistica v.6.0, StatSoft, Inc., Tulsa, OK). Post hoc analyses for significance (α = 0.05) were made using the Tukey honest significant difference method. Discriminant analyses were conducted on arcsintransformed PLFA molar percentages using JMP Discovery software (v.5.0, SAS Institute, Cary, NC).
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RESULTS AND DISCUSSION
The soil used in this study had a demonstrated capacity for the biological transformation of RDX (Ringelberg et al. 2003 ). Significant differences in RDX loss were measured between attenuated and active microcosms at two soil water potentials (Fig. 1) . Complete loss of the parent RDX occurred after 504 hours of incubation in a saturated soil, and a 58% loss occurred after 840 hours of incubation in an unsaturated soil (0.15 bar soil moisture tension). RDX half-lives at the two soil moisture levels tested were 4 days (saturated) and 29 days (unsaturated) . These values are similar to those reported by Zhao et al. (2004) for aqueous RDX in a marine sediment (at 10°C) and by Spietel et al. (2001) for RDX in a soil at a gravimetric moisture level of 8%. Others have also shown that soil microbial populations are capable of biotransforming or biodegrading RDX under saturated and unsaturated conditions (Light et al. 1997 , Boopathy et al. 1998 
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1999, Sheremata et al. 2001) . The in situ microbial community composition was one variable not examined in any of these past reports. Therefore, no attempt was made to relate community composition to RDX biotransformation/ biodegradation.
A number of reports have shown that reduced soil conditions are ideal for RDX biodegradation (McCormick et al. 1981 , Boopathy et al. 1998 , Guiot et al. 1999 , Spietel et al. 2001 . Saturated soils can rapidly become anoxic given a sufficient biomass and bio-available carbon. In such a situation, microbes consume the available oxygen more rapidly than it can be replenished via diffusion. In this study, following 48 hours of pre-incubation, the microbial biomass (approximately 10 8 cells g -1 or 20-30 nmol g -1 PLFA) in the saturated microcosms was shown to be sufficient to reduce the saturated soil within 72 hours (Ringelberg et al. 2003 , Balkwill et al. 1988 ). This was indicated by a color change in the added resazurin dye. Although it is also possible that reduced micro-sites formed within the unsaturated soil, it was assumed that O 2 was not limiting in these microcosms. The differences in water potential were found to have an effect on soil redox (oxygen depletion), which coincided with a change in the in situ rates of RDX biotransformation/biodegradation. RDX loss was then attributed to two corresponding processes: mass transfer (bioavailability) and a shift in the extant microbiota (i.e. an enrichment in RDX degraders). Since the microcosms were not mixed during the incubation period and RDX was added at an equal concentration, a shift in the extant community was considered the more heavily weighted variable.
Our previous work showed that the microbiota in the saturated soil reduced RDX via the formation of nitroso intermediates. Nitrosos are intermediates in the anaerobic catabolic pathway for RDX biodegradation first described by McCormick et al. in 1981 . We did not detect nitroso intermediates in the unsaturated soil, suggesting that RDX biotransformation/biodegradation in this soil proceeded by another pathway. Hawari et al. (2000) suggested that an aerobic enzymatic attack of the H-NO 2 or C-H bonds in RDX could lead to the formation of unstable intermediates that subsequently undergo spontaneous decomposition. To date, no organism has been isolated that is metabolically capable of both pathways. Therefore, there should be taxonomic differences in the microbiota related to RDX biotransformation/degradation for the two soil moisture conditions. Bacterial membranes are primarily composed of phospholipids. The associated fatty acids (PLFAs) differ enough among genera and species to allow for taxonomic identifications (Onderdonk and Sasser 1995) . In community analyses, quantified PLFA profiles can be used to define taxonomic responses to contaminant exposures (Ringelberg et al. 2001) . A plot of saturated vs. unsaturated PLFA showed a dramatic shift in the saturated PLFA profile over the course of the study (Fig. 2) . Relative to the unsaturated soil, very few PLFAs became enriched under the saturated condition. Those PLFAs that did included n16:0 and n18:0, the Gram-positive biomarker a15:0, and the Gram-negative biomarkers 18:1ω7c and cy19:0 (see Table 1 for an association of PLFA with microbial taxonomy). The endpoint (840 hours) saturated PLFA profile reflects the development of subpopulations of Gram-positive (a15:0) and Gram-negative bacteria (ω7 fatty acids), but it also indicates a dramatic loss in the total number of PLFAs detected. The total number of PLFAs often correlates with microbial diversity and, in this analysis, would indicate a decrease in diversity ( Table 2 ). The total microbial biomass in the saturated soil at 840 hours was also 1/3 that of the unsaturated soil (Table 2) . Although microbial biomass in the saturated soil was 1/3 lower than that observed in the unsaturated soil, the detection limits of the instrument were not approached. Both soils showed final cell numbers of 10 8 cells g Actinomycetes n10me16:0, n10me17:0, n10me18:0, i17:1w7c * PLFA biomarkers are assigned to taxonomy according to Rock and Cronan (1985) , Lechevalier and Lechevalier (1988 ), Carpenter-Boggs et al. (1998 ), and Pinkart et al. (2002 .
To specifically address diversity and to further resolve the in situ microbial community descriptions, the T-RFLP assay was applied. Size fragments from three restriction digests (HhaI, MspI, and RsaI) of the 8f-926r 16S rDNA amplicon were imported into the web-based phylogenetic assignment tool (PAT) for a taxonomic query using Ribosomal Database Project (RDP) entries. The results of the query are listed in Table 2 . The diversity of bacterial species identified in the saturated soils was approximately 60% less than that observed in unsaturated soil (32 species in unsaturated soil versus 13 species in saturated soil). This is the same loss in diversity indicated by the PLFA analysis.
The T-RFLP analysis identified firmicutes (36%), proteobacteria (54%), actinobacteria (8%), and bacteroidetes (1%) in the endpoint microbial community in the saturated soil. The unsaturated soil contained a greater number of genera (2.5 times that of the saturated soil) within similar phyla (19% firmicutes, 66% proteobacteria, 6% actinobacteria, 2% bacteroidetes, and 7% chlorobi). Microbial community development within the saturated soil was characterized by a shift toward bacterial species of the phylum Firmicutes and alpha-and delta-classes of the phylum Protoeobacteria (Fig. 3) . The increase in Gram-positive firmicutes from 19% (unsaturated) to 36% (saturated) corresponded with the PLFA biomarker analysis (i.e. enrichment in a15:0). Two related species, Sporosarcina urea and Halobacillus halophilus, were identified as the most abundant (identifiable) bacteria present in the saturated soil (Table 3 ). Both species tolerate high salt concentrations, have the ability to synthesize urease, and form endospores. These species are widely distributed in surface soils. Table 3 . The analysis revealed an increase in the proportion of firmicutes and the emergence of alpha-and deltaproteobacteria in the saturated soil. A number of the bacteria identified within the saturated soil could be related to RDX biodegradation.
In addition to the two ureolytic organisms, Clostridia spp., Rhodococcus spp. and Beijerinckia sp. were identified in the saturated soil. All three genera of bacteria contain species known to utilize RDX as a sole source of carbon and/or nitrogen (Buchan et al. 2003; Seth-Smith et al. 2002) .
* The emergence of other species of alpha-and delta-proteobacteria, i.e. Myxococcus, Methylosinus, Rhodobacter, and Sphingomonas, was also unique to the saturated soil. Although these organisms have not been directly tied to nitramine biodegradation, the latter three genera have all been tied to the biodegradation of aromatic compounds. Certain Rhodobacter and Sphingomonas species facilitate ring cleavage via the protocatchuate enzyme, whereas certain Methylosinus species can facilitate ring cleavage via a monooxygenase as well as oxidize a variety of aliphatic compounds (Green and Dalton 1989 , Buchan et al. 2001 , Wattian et al. 2001 . Within the saturated soil, the majority of organisms identified showed traits related to xenobiotic biodegradation, if not nitramine biodegradation specifically. These identifications correspond to an RDX half-life of four days.
Although the development of the microbial community within the saturated soil coincided with a rapid rate of RDX biodegradation, the data are not sufficient to determine if the development was in direct response to the contaminant. Whether or not the resulting community would have formed in the absence of RDX is unclear. Nevertheless, maintaining this soil in a saturated state for 840 hours resulted in a complete biotransformation of the added aqueous RDX, seven times greater than that observed in the unsaturated soil.
Of the 32 unique genera or species of bacteria detected by T-RFLP analysis in the 840-hour unsaturated soil, no single species was identified that is known to degrade RDX in pure culture. However, identifications of T-RFLP fragments are based primarily on cultured organisms. Since only 1-10% of the in situ microbiota is culturable, the current databases can only identify 1-10% of the bacteria present in a given soil. Therefore, it is not possible to determine what fraction of the added RDX was transformed by unidentified organisms. In addition, no single genus of bacteria was identified in both the saturated and unsaturated soil. Considering the common origin of the material, this result indicates that the T-RFLP assay may have been influenced by cell abundance, and the characterizations obtained may be best described as descriptions of the most abundant organisms present.
Even though no species were identified that are known to degrade RDX in the unsaturated soil, some species were identified that have been observed to degrade other environmental pollutants. Burkholderia spp. have been isolated that show the ability to biodegrade 2,4-dinitrotoluene. Burkholderia was one of the more abundant species detected in our tests (Table 3) . Strains of the betaproteobacteria Bordettella and the gamma-proteobacteria Pseudomonas stutzeri are capable of degrading a variety of xenobiotics, including aromatic compounds * Also, personal communication, Dr. Neal Adrian and Dr. Herb Fredrickson, ERDC.
( Eriksson et al. 2003 , Spanggord et al. 1991 . In short, the unsaturated soil may have also fostered the development of a degradative microbial community. However, compared to the saturated soil, the unsaturated soil was less amenable to RDX biotransformation, as indicated by the rate at which the RDX was biotransformed and by the diversity and types of bacteria identified.
One unique characteristic of the unsaturated soil suggests the importance of trophic interactions in microbial community development. An increase in total microbial biomass at 840 hours into the incubation coincided with an increase in the percentage of eukaryotic PLFA biomarkers, specifically the ω6 or microfauna PLFA (Fig. 4) . This increase corresponded with a decrease in the percentage of Gram-negative (ω7 series) PLFAs. The other Gram-negative, Gram-positive, and actinomycete PLFA biomarkers showed little change in percentage as a result of the eukaryotic bloom. A visual inspection of the soil revealed an abundance of ciliates, amoeba, and flagellates (data not shown). Ronn et al. (2002) have suggested that medium-size Gram-negative bacteria are often preferentially grazed over other bacterial types. Since, in general, two biosynthetic pathways are utilized to produce the different monounsaturated fatty acid series (ω7 series and other series), the detected difference within the Gram-negative bacterial community likely reflects a change in taxonomy.
Others have shown that size-selective grazing can have significant effects on the biodegradation of xenobiotics (Kinner et al. 1998 , Bouchez et al. 2000 . These effects include a stimulatory effect by maintaining bacterial metabolic activity, an inhibitory effect by reducing selective cell numbers, or no effect caused by grazing of non-RDX related bacteria. In the unsaturated microcosms, the rate of RDX loss at 840 hours (6.2 ± 1.1 µg kg -1 h -1 ) was no different than that recorded at 504 hours (4.5 ± 1.5 µg kg -1 h -1 ) or 168 hours (4.1 ± 11.7 µg kg -1 h -1 ). This result indicates either that protozoan grazing had little to no effect on RDX loss or that an effect was beginning to emerge. Nevertheless, the bloom in microfauna PLFA biomarkers coincident with a significant loss in a subpopulation of Gram-negative bacteria suggests that microbial community development in the unsaturated soil was influenced to a certain extent by trophic interactions.
The development of novel assays is beginning to provide some insight into the flow of xenobiotic carbon and/or nitrogen into specific biomarkers. Recent advances in the use of stable isotopes have allowed researchers to monitor the incorporation of contaminant carbon and nitrogen into specific PLFA and DNA/RNA fragments. These data are just beginning to shed light on which members of a microbial community are specifically involved in contaminant catabolism (Boschker and Middleburg 2002, Manefield et al. 2002) . Table 1 , with each data point representing the sum of all PLFAs (expressed as a mole %) within a group. An increase in total microbial biomass corresponded with an increase in microfaunal (ω6) eukaryotic signature biomarkers and a decrease in a specific subset (ω7 series) of Gram-negative bacterial biomarkers. The data may reflect selective grazing by protozoa.
CONCLUSIONS
Soil moisture tension had a significant effect on the development of indigenous microbes incubated in the presence of aqueous RDX. Saturated soils fostered the development of a reduced environment that supported the complete biotransformation of the added RDX. The resulting microbial community was enriched in firmicutes and alpha-and delta proteobacteria. Specific bacterial genera known to degrade RDX were identified (i.e. Clostridium spp., Rhodococcus spp., and Beijerinckia sp.), as well as other genera with associated biodegradation capabilities (i.e. denitrification and ring cleavage). However, the most abundant genera identified were the Halobacillus/Sporosarcina, which have the ability to affect soil pH through the release of ammonium ions, potentially leading to alkaline hydrolysis of the added RDX. The community analysis indicated that a suite of complementary biodegradation processes might well have been active. The unsaturated soils exhibited a significantly different succession and endpoint microbial community characterized by a considerably lower rate and extent of RDX biotransformation. The aerobic nature of the soil fostered the development of a diverse bacterial community with a capacity for contaminant biodegradation, if not one ideally suited to RDX biotransformation. The results indicate that soil moisture tension can influence microbial community development and the associated capacity to degrade RDX. Estimates of the biodegradation capacity of a soil would benefit from the quantification of microbial responses under a range of soil moisture tensions.
